Background: Paraquat (PQ) is a highly poisonous herbicide with a variety of toxic effects, most notably pulmonary fibrosis. In alveolar epithelial cells, it is converted to a PQ radical and subsequently generates other reactive species resulting in lipid peroxidation and cell destruction. Amifostine is a thiophosphate prodrug approved by the FDA for the prevention of toxicities associated with cisplatin and therapeutic radiation. When amifostine is converted to an active metabolite (WR-1065), it functions as an oxygen and DNA radical scavenger that has been shown to protect against lipoperoxidation. The aim of this study was to determine whether amifostine improves survival or lung injury resulting from PQ toxicity.
INTRODUCTION
Paraquat (1,1'-dimethyl-4,4'-bipyridium dichloride, PQ) is a highly toxic contact herbicide that has a variety of toxic effects, most notably pulmonary fibrosis. PQ is concentrated in type II pneumocytes by an active process and passively diffuses into type I pneumocytes and other cells where it is converted to a paraquat radical (PQ+ . ) by oxidizing NADPH [1] . The paraquat radical reacts with oxygen which regenerates paraquat (PQ 2+ ) and forms a superoxide radical. Superoxide radicals generate other reactive species such as hydrogen peroxide and hydroxyl radicals. These reactive species cause lipid peroxidation, protein, and DNA degradation which lead to cell destruction. It is controversial whether DNA damage versus lipoperoxidation plays a greater role in paraquat-induced cell damage [2, 3] .
Although extensive treatment options have been investigated, no universally successful modality has been identified. Treatment with a variety of antioxidants has largely yielded disappointing results. Anti-inflammatory regimens such as glucocorticoids and cyclophosphamide show the greatest promise in reducing lung inflammation, improving oxygen saturation, and decreasing mortality rate in moderate to severely poisoned patients [4] [5] [6] .
Amifostine is a thiophosphate prodrug that is converted to its active metabolite (WR-1065) by alkaline phosphatase. Amifostine is approved by the FDA for the prevention of toxicities associated with cisplatin and therapeutic radiation. Amifostine's unique cytoprotective effects have been extensively investigated by cancer treatment researchers, and only recently have its effects been studied as a potential antidote in a toxicologic model [7, 8] . WR-1065 is an oxygen and DNA radical scavenger; it interferes with crosslinking of DNA, participates in DNA repair, and induces cellular hypoxia [9, 10] . Amifostine mostly acts against hydroxyl radicals and-to a lesser extent-O2 -. ions. It has been shown to protect against lipoperoxidation [11] .
OBJECTIVES
Currently, no universally effective treatment or antidote is available for significant paraquat exposures, and so the aim of this study was to determine whether amifostine improves survival or lung injury in potentially lethal paraquat exposures. The oxidative cascade resulting from paraquat intoxication might be amenable to the unique cytoprotective effects of amifostine, making it an attractive agent to investigate as a potential treatment for paraquat exposures. In addition, amifostine is already used in clinical medicine and is readily available.
METHODS

Animals
We obtained committee approval for institutional animal care and use. Male Swiss mice (20-30 g) were used. Animals were housed 5 per cage with a 12-hour light/dark cycle and received temperature/humidity-controlled conditions. Food and water were provided ad libitum throughout the study. Following a seven-day acclimation period, animals were entered into the study.
Phase I: Determination of Paraquat Dose-response Survival Curve
Due to variability of paraquat lethality in previous reports, we established a LD 75 for paraquat in our laboratory [12] [13] [14] . The LD 75 was chosen to allow for a smaller required sample size needed to detect survival improvement and to prevent supralethal dosing. Paraquat dichloride (Sigma, St. Louis) was suspended in sterile 0.9% saline and injected intraperitoneally (i.p). Four groups of 11 mice were given i.p injections of paraquat at the following doses: 30 mg/kg, 50 mg/kg, 70 mg/kg, and 100 mg/kg. We monitored the mice for up to two weeks at which time survival was assumed.
Phase II: Primary Toxicity Study
There were 4 groups, and each group contained 23 mice. All animals received a single LD 75 (60 mg/kg) dose of paraquat intraperitoneally. Sterile, lyophilized amifostine contained in 500mg vials (MedImmune Oncology, Inc., West Conshohocken, PA) was reconstituted with sterile 0.9% saline and subcutaneously delivered (s.c.). Thirty minutes prior to paraquat injection, group 1 was pretreated with 200 mg/kg s.c. of amifostine. Subsequent injections of amifostine at 75 mg/kg were administered 4 hours after paraquat injection, and injections continued every 8 hours for a total of 6 doses (cumulative dose: 575 mg/kg). Four hours after paraquat injection, group 2 received amifostine at 200 mg/kg subcutaneously. Subsequent injections of 75 mg/kg were administered every 8 hours for a total of 6 doses (cumulative dose: 575 mg/kg). Four hours after paraquat injection, group 3 received amifostine (100 mg/kg) subcutaneously. Subsequent injections of amifostine at 30 mg/kg were administered every 8 hours for a total of 6 doses (cumulative dose: 250 mg/kg). Group 4 served as the control group and received equivolume s.c. injections of sterile 0.9% saline at the same time intervals as groups 1, 2, and 3.
Following injections, we monitored animals daily and recorded time of death. Animals were monitored for up to 14 days at which time survival was assumed and animals were euthanized.
Histopathology
We determined histological changes associated with paraquat intoxication and treatment with amifostine. After death or euthanasia, all mice underwent pneumonectomy. Lungs were placed in 10% NB formalin, embedded in paraffin, and stained with hematoxylin/eosin and trichrome. We used two groups of histologic control mice (n = 5 per group); one control group only received normal saline injections, and the other control group received amifostine at a cumulative dose of 575 mg/kg intraperitoneally. A board certified pathologist examined lung sections of mice from the dose-response study (phase I) to develop a scoring system for paraquat injury. Injury pattern was scored as none = 0, mild = 1, moderate = 2, and severe = 3. Markers for injury included interstitial necrosis, alveolar edema, fibrosis, and acute inflammation as described previously [15, 16] . For the experimental phase, the pathologist was blinded to treatment allocation.
Statistics
We performed a power analysis and determined sample size: 11 per group for phase I and 23 per group for phase II at a power of 0.8 and α = 0.05. This was based on an estimated ∆/σ of 1.5 for phase I and 1.0 for phase II. Survival data was entered into a database program and exported to SPSS for analysis (SPSS 10.0.5, 1999). KaplanMeier survival curves with log-rank analysis were calculated using percent survival over time. Differences in histopathology scores were determined using ordinal logistic regression.
RESULTS
Phase I: Determination of Paraquat Dose-response Survival Curve
Survival for PQ doses of 30, 50, 70, and 100 mg/kg was 100, 27, 18, and 0% respectively (Figure 1) . The estimated LD 75 for paraquat was calculated to be 60 mg/kg.
Phase II: Primary Toxicity Study
The number of surviving mice in groups 1, 2, 3, and 4 were 17 (74%), 18 (78%), 17 (74%), and 17 (74%) respectively (Figure 2 ). There were no statistically significant differences in survival using Kaplan-Meier with log rank analysis.
Histopathology
Ordinal logistic regression of lung injury scores revealed survival status had a significant effect on injury score (p < 0.0001). Injury scores did not differ between treatment groups and the control group for either dead (p = 0.49) or surviving (p = 0.58) mice ( Table  1) . Figures 3-6 show photomicrograph examples of grades 0, 1, 2, and 3 lung injury respectively.
DISCUSSION
Significant PQ ingestions in humans (> 40 mg/kg) usually result in death within hours to days [17] . Patients with moderate ingestions typically succumb within 2-23 days from severe pulmonary fibrosis [18] . Because of the severe toxicity of PQ, there is great need to identify an effective antidote.
Amifostine effectively treats the toxicity of cisplatin and radiation. As a free radical scavenger and inhibitor of lipid peroxidiation, it has theoretical appeal as an antidote for PQ. Following intravenous or subcutaneous administration, amifostine rapidly distributes to most tissues, including lung; however, there is minimal penetration into brain tissue [19] . Its volume of distribution varies between 6.4-8.4 liters, and plasma clearance is 2.17 liters/minute [10] . Amifostine rapidly clears from plasma with an elimination half-life of 0.88 to 8.8 minutes [9, 10, 20] .
Approximately 2-6% of amifostine and its metabolites are excreted renally [9, 20] . Subcutaneous administration results in 50-80% of the area under the concentration-time curve compared to intravenous injection, and exhibits cytoprotective effects for up to 8 hours [9] . Side effects of amifostine administration include: hypotension, emesis, and mild hypocalcemia [10] . Hypotension is generally not observed with subcutaneous administration [9] . Optimal dosing of amifostine for a toxicologic model is unknown. Administration of amifostine in human oncology trials frequently employs a single pre-treatment dose of approximately 200-300 mg/m 2 for radiation therapy and 740-910 mg/m 2 for chemotherapy. This is nearly equivalent to 5-7 mg/kg and 18-22 mg/kg respectively. Dosing in animal studies are comparatively larger and typically range from 150-500 mg/kg. Minimal data exist regarding the use of multiple doses of amifostine. A study by Rojas et al. employed multiple doses of amifostine and fractionated radiation in mice. They reported a LD 50 of 1000 mg/kg for a single injection or a cumulative dose of 4250 mg/kg divided into 10 injections over 11 days [21] . In a prior study, our lab similarly found evidence of cumulative toxicity and early deaths with a cumulative dose of 1600 mg/kg in mice poisoned with α-amanitin; however, control mice not poisoned with α-amanitin tolerated this dose [8] . We chose more moderate subcutaneous doses of amifostine because of its pharmacokinetic profile and our aim to provide sustained cytoprotection during the acute injury phase without causing inherent toxicity.
In our investigation there was no survival benefit or attenuation of lung injury in paraquat-poisoned mice treated with amifostine. Several possibilities for this observation exist. Optimal therapeutic dosing of amifostine in an overdose model is unknown. Given the cumulative toxicity of amifostine, our doses were chosen in an attempt to provide maximal efficacy without causing inherent toxicity. Amifostine should have some efficacy against hydroxyl and superoxide radicals; however, it would not be expected to inactivate either the native paraquat or paraquat radical. Since PQ is regenerated with each redox cycle, the dosing required to maintain pace might be unrealistic and be toxic in and of itself. 
